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SUMMARY 

The effect of static tensile load on the thermal expansion of Gr/PI com­

posite material was measured for seven different laminate configurations. A 

computer program was developed which implements laminate theory in a piecewise 

linear fashion to predict the coupled nonlinear thermomechanical behavior. 

Static tensile load significantly affected the thermal expansion charac­

teristics of the laminates tested. This effect is attributed to a fiber-

instability micromechanical behavior of the constituent materials. Analytical

results correlated reasonably well with free thermal expansion tests (no load 

applied to the specimen). However, correlation was poor for tests with an 

applied load. 

INTRODUCTION 

Fiber-reinforced composite materials have been used extensively in aircraft 
secondary structure (refs. 1 and 2) during the past decade. Presently, many
of the questions relating to the mechanical properties and fabrication tech­
niques have been answered which has given the structural designer sufficient 
confidence for application to primary structure (refs. 3 to 5 ) .  Future designs 
can take advantage of the inherent characteristics of composites to tailor the 
structural response to meet particular design requirements (ref. 6). 
Before full advantage of the tailorability of composites can be achieved, 

more in-depth study must be made to understand the various thermomechanical 

behaviors. One such phenomenon is the effect of load on the thermal expansion. 

The effects of static tensile load on the coefficient of thermal expansion 
of mild steel and Invar were examined to a limited degree in reference 7. 
Resistance-type strain gages and a dead-load tensile test machine with a ther­
mal chamber were used. A thermally calibrated material (Invar) was used to com­
pensate for apparent thermal strain. In all tests the specimens were reported 
to reach a thermal and mechanical equilibrium prior to data being recorded. 
Using this test method, the authors reported a resolution on the order of 
10-7 (c~/c~)/K. 
A more recent study (ref. 8)  was made of the effects of static compressive 
load on the thermal expansion of a [ *451 laminate composed of Celion 60001 
graphite fiber with PMR-15 polyimide resin. The results of that study showed 
that the static compressive load affected the thermal expansion of the composite
material but, due to the limited number of tests and the reported quality of 
specimens tested, the magnitude of the effect could not be clearly established. 
Celion 6000 is a registered trademark of the Celanese Corporation. 

For t h e  s tudy  reported i n  r e fe rence  8 ,  res i s tance- type  s t r a i n  gages were 
used t o  measure s t r a i n s  and thermocouples were used t o  monitor t h e  specimen 
temperature.  An IIT/Research I n s t i t u t e  compression specimen was used i n  a 
thermal chamber wi th  load applied by a displacement-control led test  machine. 
Compensation for apparent  thermal s t r a i n  was accomplished using q u a r t z  as a 
c o n t r o l  material. All tests were performed us ing  a cont inuous hea t ing  c y c l e  
a t  a cons tan t  hea t ing  ra te  of 83 K / h r .  Data were recorded without  i n s u r i n g  
t h a t  t h e  specimen had reached an equi l ibr ium state. 
The p resen t  s tudy  examines t h e  thermal expansion c h a r a c t e r i s t i c s  of Cel ion  
6000 g r a p h i t e  f i b e r  with PMR-15 polyimide r e s i n ,  between roan temperature (RT) 
and 560 K. These tests were performed for free thermal  expansion (no app l i ed  
load) and applied s ta t ic  t e n s i l e  load condi t ions .  A canputer program w a s  
developed which implements lamina te  theory  i n  a piecewise l i n e a r  f a sh ion  t o  pre­
d ic t  t h e  coupled nonl inear  thermomechanical behavior.  Comparison of t h e  a n a l y t i ­
cal and experimental  r e s u l t s  are made. Seven d i f f e r e n t  lamina tes  - [O4Ir [904] ,  
[k30I s ,  [k45Is, [O/901s, and [9O/-45/O/45Is - were tested. The effect of s ta t ic  
t e n s i l e  load on t h e  thermal expansion c h a r a c t e r i s t i c s  of each lamina te  is com­
pared with i t s  f r e e  thermal expansion behavior.  
The u s e  of trade names i n  t h i s  pub l i ca t ion  does not  c o n s t i t u t e  an 
endorsement, e i t h e r  expressed or implied,  by t h e  Na t iona l  Aeronaut ics  and 
Space Administration. 
[A1 
CTE 
E l l  ,E22 
G12 
{ N l  
[GI i 
RT 
T 
AT 
ti 
"1 1 4 2 2  
SYMBOLS 
laminate  s t i f h e s s  ma t r ix  
c o e f f i c i e n t  of thermal expansion 
tangent  modulus i n  f i b e r  and t ransverse- to- f iber  d i r e c t i o n  i n  p r i n c i p a l  
material coord ina te  system 
shear modulus i n  p r i n c i p a l  material coord ina te  system 
vector  of normal stress r e s u l t a n t s  
i t h  lamina c o n s t i t u t i v e  ma t r ix  o r i e n t e d  i n  lamina te  r e fe rence  frame 
room temperature 
temperature  
temperature increment 
th ickness  of i t h  lamina 
c o e f f i c i e n t s  of thermal expansion i n  fiber and t ransverse- to- f iber  
d i r e c t i o n  i n  p r i n c i p a l  material coord ina te  system 
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i t h  lamina c o e f f i c i e n t  of thermal expansion o r i e n t e d  i n  lamina te  
r e fe rence  frame 
vector  of lamina te  c o e f f i c i e n t s  of thermal expansion 
s t r a i n  
vector  of midplane s t r a i n s  
apparent  thermal  s t r a i n  of gage 
thermal s t r a i n  
thermal s t r a i n  i n  f i b e r  d i r e c t i o n  
thermal s t r a i n  t r a n s v e r s e  t o  f i b e r  
Poisson ' s  r a t io  i n  p r i n c i p a l  material coord ina te  system 
stress 
u l t ima te  stress 
shear  stress i n  p r i n c i p a l  material coord ina te  system 
TEST SPECIMENS AND INSTRUMENTATION 
The experimental  t es t  ma t r ix  f o r  t h i s  program is presented  i n  t a b l e  1 .  
Seven d i f f e r e n t  lamina te  conf igu ra t ions  - [O41, [9041, [+3OI s, [+45I s ,  
[?601,, [0/90Is, and [90/-45/0/451s - were t e s t e d  with varying app l i ed  load  
condi t ions  over a temperature range from RT to  560 K. A l l  specimens were kept 
i n  a l abora to ry  environment p r i o r  t o  t e s t i n g .  Based upon previous tests, mois­
t u r e  absorp t ion  was not  considered a s i g n i f i c a n t  problem. The f i b e r  volume 
f r a c t i o n  f o r  a l l  l amina tes  t e s t e d  was between 0.44 and 0.47.  Nominal specimen 
dimensions are 20.3 c m  long by 2 . 5  c m  wide wi th  a 12.7-an gage l eng th  as 
depic ted  i n  f i g u r e  1 .  Load in t roduc t ion  t a b s  were f a b r i c a t e d  with Gr/PI 
i d e n t i c a l  t o  the  t es t  lamina te  t o  minimize any mismatch i n  thermal expansion. 
High-temperature s t r a i n  gages (BLH ESM-12-35-S0), placed a x i a l l y  back- to-back  
and t r ansve r se ly ,  were bonded t o  a l l  specimens using a polyimide adhesive 
(BLH PLD-700). The e f f e c t s  of gage t r a n s v e r s e  s e n s i t i v i t y  were examined and 
found no t  t o  apprec iab ly  a f f e c t  t h e  measurement of t he  thermal expansion 
behavior of t h e  lamina tes  t e s t e d .  
The res i s tance- type  f o i l  s t r a i n  gages used i n  t h i s  s tudy  a re  capable  of 
ope ra t ing  i n  excess  of 560 K. Electrical  wires about 1 . 5  m long were s i l v e r  
so ldered  t o  t h e  s t r a i n  gages. For a l l  tests, ind iv idua l  gages were connected 
to  a f u l l  br idge us ing  a three-wire  system. 
A d i g i t a l  thermometer wi th  type  E thermocouple w i r e  ( N i c k l e  chromium/ 
constantan)  a t t ached  t o  t h e  specimen w a s  used t o  monitor t h e  temperature .  The 
temperature w a s  d i sp layed  i n  increments of 0.lOF to assist i n  determining when 
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thermal equi l ibr ium w a s  reached. Wire thermocouples were s e l e c t e d  r a t h e r  than  
o the r  devices  because of t h e i r  g r e a t e r  v e r s a t i l i t y  and temperature s e n s i t i v i t y  
and because they  are no t  a f f e c t e d  by coupled thermomechanical behavior of t h e  
test specimen. 
The c a l i b r a t e d  specimen, as shown i n  f i g u r e  1 ,  used t o  compute t h e  apparent  
thermal s t r a i n  was made of t i t an ium sil icate.  The specimen and d e t a i l e d  data 
on its expansion c h a r a c t e r i s t i c s  were supp l i ed  by t h e  Corning Glass Works.  The 
c o e f f i c i e n t  of thermal expansion (CTE) f o r  t i t an ium s i l icate  is presented  i n  
f i g u r e  2. For a l l  c a l c u l a t i o n s  i n  t h i s  s tudy  t h e  mean va lue  w a s  used. S i x  
s t r a i n  gages, t h r e e  back-to-back, were adhes ive ly  bonded to  t h e  t i t an ium sili­
cate specimen. Tests were conducted under t h e  same thermal condi t ions  as t h e  
composite specimens except  f o r  t h e  a p p l i c a t i o n  of load. The apparent  thermal 
s t r a i n  cAPp of the  gage, as depic ted  i n  f i g u r e  3, was computed by t ak ing  t h e  
d i f f e r e n c e  of t h e  measured and c a l i b r a t e d  responses  of t h e  t i t an ium s i l icate .  
A t i t an ium coupon specimen ( f i g .  1 )  26.7 c m  long and 2.5  c m  wide was used 
to  determine t h e  a p p l i c a b i l i t y  of t h e  thermal expansion t es t  method. S t r a i n  
gages were o r i e n t e d  a x i a l l y ,  t r ansve r se ly ,  and a t  45O r e l a t i v e  t o  the  long i tud i ­
n a l  a x i s  of t h e  specimen. R e s u l t s  from t h i s  test  are d iscussed  la te r .  
TEST PROCEDURE 
The test procedure c o n s i s t s  of t h e  fo l lowing  s e q u e n t i a l  s t eps :  
( 1 )  Align and a t t a c h  tes t  f i x t u r e  to  specimen. 
( 2 )  I n s t a l l  f i x t u r e  and specimen i n s i d e  furnace  t o  creep-frame load  t r a i n  
and connect a l l  instrumentat ion.  
( 3 )  Apply s ta t ic  load.  
( 4 )  Balance gages and record  room-temperature s t r a i n  readings.  
( 5 )  Adjust  se t  p o i n t  temperature  approximately 28 K above previous set  
p o i n t  temperature.  
( 6 )  Thermally cond i t ion  specimen u n t i l  equ i l ib r ium is reached 
(approximately 15 t o  40 min) . 
(7) Record specimen temperature and s t r a i n .  
(8) If specimen temperature is b e l o w  560 K ,  repeat s t e p s  (5) t o  (7). 
( 9 )  Reduce temperature to  approximately 450 K,  allow specimen t o  reach  
equilibrium and record temperature  and s t r a i n .  (S tep  ( 9 )  i s  performed on ly  for 
those  tests where load  w a s  app l i ed  t o  t h e  specimen f o r  determining whether creep 
or p l a s t i c i t y  occurred  dur ing  t h e  test .)  
The s t a t i c  t e n s i l e  l oad  w a s  app l i ed  t o  t h e  specimen through a mechanical 
advantage i n  a dead-load creep frame as dep ic t ed  i n  f i g u r e s  4 and 5. Specimen 
4 
g r i p s  and alignment apparatus, i l l u s t r a t e d  i n  f i g u r e  6, were used t o  in t roduce  
a uniform t e n s i l e  l oad  i n t o  t h e  specimen. 
The magnitude of the  maximum app l i ed  load  f o r  each d i f f e r e n t  lamina te  w a s  
l i m i t e d  to  t h e  lesser of t h e  load  necessary to  produce a s t r a i n  of 0.004 a t  
589 K or t h e  load corresponding t o  t h e  lamina te  i n i t i a l  nonl inear  s t r e s s - s t r a i n  
response a t  589 K. The 0.004 s t r a i n  l i m i t  was employed because it corresponds 
to  a t y p i c a l  composite-material design s t r a i n .  
A specimen w a s  considered to be i n  equi l ibr ium a t  a set  p o i n t  when t h e  
t r a n s i e n t  response of t h e  temperature  and s t r a i n  dampened o u t  and became i n  
phase. A t  equi l ibr ium t h e  f l u c t u a t i o n  i n  temperature w a s  on t h e  order  of 
k0.2 K whereas t h e  s t r a i n  va r i ed  approximately f3pLE. 
An examination of t h e  e f f e c t s  of hea t ing  ra te  on t h e  l o n g i t u d i n a l  expansion 
c h a r a c t e r i s t i c s  of a [go41 Gr/PI  composite lamina te  w a s  performed. The e f f e c t s  
of four  hea t ing  p r o f i l e s  from �W. t o  560 K to  RT, as dep ic t ed  i n  f i g u r e  7,  were 
examined. Three profiles had cons t an t  hea t ing  rates and t h e  f o u r t h  a s tep pro­
cedure.  Based upon hea t  conduction l a w s ,  i n  t h e  l i m i t ,  t h e  lower t h e  hea t ing  
rate,  the  nearer  an equi l ibr ium cond i t ion  i s  achieved. The s t e p  hea t ing  pro­
cedure ( p r o f i l e  111) is capable  of producing an equi l ibr ium cond i t ion  a t  each 
s t e p ,  provided t h e  s o a k  t i m e  is s u f f i c i e n t l y  long. 
The thermal expansion of a [go41 specimen was examined using each hea t ing  
p r o f i l e  twice. The r e s u l t s  shown i n  f i g u r e  8 correspond to  on ly  one test of 
each hea t ing  p r o f i l e  s i n c e  good agreement between r e p e t i t i v e  tests w a s  obtained.  
The sha rp  contours  of t h e  hea t ing  p r o f i l e s  were no t  reproduced because of t he  
thermal i n e r t i a  of t h e  test  chamber and specimen. Upon examination of t h e  ther ­
m a l  expansion r e s u l t s  of t h e  four  hea t ing  p r o f i l e s  t h e  fo l lowing  t r e n d s  were 
obtained.  A nonequilibrium cond i t ion  e x i s t e d  f o r  hea t ing  p r o f i l e s  I and 11; 
t h i s  is evident  from t h e  reduced h y s t e r e s i s  between t h e  r e s u l t s  produced for 
hea t ing  p r o f i l e s  I ,  11, and IV. The s t e p  hea t ing  p r o f i l e  of I11 gave resul ts  
similar t o  those  of p r o f i l e  I V ,  dep ic t ing  an equi l ibr ium or near-equi l ibr ium 
s ta te .  
Based upon t h e s e  results,  a step hea t ing  p r o f i l e  was used on a l l  subsequent 
tests. This  hea t ing  p r o f i l e ,  g iven  s u f f i c i e n t  soak t i m e ,  w i l l  r e s u l t  i n  a s t a t e  
of equi l ibr ium dur ing  d a t a  recording.  Equi l ibr ium w a s  assumed t o  e x i s t  when t h e  
specimen temperature  and t h e  monitored s t r a i n  readings  became s t a b i l i z e d ,  gen­
e r a l l y  r e s u l t i n g  i n  s o a k  t i m e s  between 1 5  and 40 min. 
A f r e e  thermal expansion test of a t i t an ium a l l o y  (Ti-6A1-4V) specimen was 
performed t o  e s t a b l i s h  t h e  gene ra l  v a l i d i t y  of t he  t es t  method. Th i s  t es t  w a s  
performed between roan temperature  and 560 K. The t i tan ium a l l o y  w a s  s e l e c t e d  
f o r  i t s  s t a b l e  thermal expansion c h a r a c t e r i s t i c s ,  t he  magnitude of t h e  c o e f f i ­
c i e n t  of thermal expansion, and t h e  a v a i l a b i l i t y  of publ ished d a t a  ( r e f .  9 ) .  
The thermal s t r a i n  w a s  measured and compared wi th  publ ished r e s u l t s  as depic ted  
i n  f i g u r e  9. Though some d i sc repanc ie s  e x i s t  between t h e  measured and pub­
l i s h e d  r e s u l t s ,  less than 60 UE, they  are wi th in  nominal d i f f e r e n c e s  of mechan­
ical  properties between m e l t s  of t h e  same material. This  test was repea ted  and 
y ie lded  c o n s i s t e n t  r e s u l t s .  
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ANALYSIS 
Classical laminate theory was used to compare the predicted response with 
the measured thermomechanical response. A computer program was written to 
implement laminate theory in a piecewise linear manner to predict the overall 
nonlinear behavior. The equation governing the laminate response to mechanical 
load, neglecting bending, is 
where 

The [GIi matrix is defined as the constitutive matrix of the ith lamina, 

relating to stress and strain, oriented in the laminate reference frame. The 

thermal expansion of the laminate is governed by 

The vector of coefficients of thermal expansion for the laminate is defined 

by 

where is the CTE of the ith lamina relative to the laminate reference 
frame. For a derivation of equation ( 4 )  the reader is referred to references 1 0  
and 1 1 .  
As a thermal or mechanical load is applied, in small increments, the lami­

nate material properties are updated corresponding to the temperature and stress 

or strain state of each ply. Load increments on the order of 5 K and 1 percent 

of DULT were found to provide converged solutions. 

The residual thermal stresses and any mechanically applied load are 

included in the analysis prior to the thermal expansion analysis. The residual 

thermal stresses are modeled by starting from the stress-free temperature (560 K) 

and reducing the temperature to room temperature. If a mechanical load is 

applied, then an analogous procedure is performed. An unsymmetric [0/901 

laminate was heated to 589 K to determine the stress-free temperature. The 
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unsymmetric lamina te  a t  r o o m  temperature is deformed due t o  t h e  r e s i d u a l  thermal 
stresses. When hea ted  to 560 K t h e  specimen became f l a t ,  t h u s  i n d i c a t i n g  a 
s t r e s s - f r e e  state.  
The c o n s t i t u t i v e  nonl inear  material properties used i n  t h e  a n a l y s i s ,  E1 1 , 
TE22, G12, and V12, are f u n c t i o n s  of s t r a i n  and temperature whereas �11 and 
T�22 are func t ions  of stress and temperature. The c o n s t i t u t i v e  properties were 
determined fran t h e  d a t a  presented  i n  f i g u r e s  10 to  13. 
COMPARISON OF THEORY AND EXPERIMENT 
The experimental  resu l t s  of t h e  e f f e c t  of s ta t ic  t e n s i l e  l oad  on thermal 
expansion are presented  i n  f i g u r e s  14 to 20. When r e p e t i t i v e  tests were per­
formed, bars denoting t h e  nominal scatter band are used and t h e  curve presented  
is t h e  average  of a l l  tests. Each curve  is a least-squares th i rd-order  poly­
nominal r e p r e s e n t a t i o n  of t h e  experimental  da ta .  I n  each test n ine  d a t a  record­
ings  were made dur ing  t h e  hea t ing  c y c l e  a t  increments of approximately 28 K. 
The c o n s t i t u t i v e  thermal expansion properties used i n  t h e  a n a l y s i s  p o r t i o n  
T Tof t h e  s tudy ,  t h a t  is, �11 and �22, were developed us ing  [O41, [9041, and 
[*451 l amina tes .  The [rt451 l amina te  sub jec t ed  to a x i a l  t e n s i o n  w a s  used 
T Tto determine t h e  e f f e c t  of shea r  stress on � 1 1  and �22. The v a l i d i t y  o f  
t h e s e  d a t a  i s  s u s p e c t  because o n l y  a l i m i t e d  number of [?45Is specimens were 
a v a i l a b l e  for t e s t i n g  and t h e  r e s u l t i n g  thermal expansion t r e n d s  above 500 K 
were no t  expected. 
A s ta t ic  t e n s i l e  stress produced a s i g n i f i c a n t  e f f e c t  on  t h e  l o n g i t u d i n a l  
thermal expansion of t h e  LO41 l amina te  as dep ic t ed  i n  f i g u r e  14. For t h e  f r e e  
thermal expansion tests a small s t r a i n  scatter band on  t h e  order  of 0.0001 
r e su l t ed ,  whereas �or t h e  cases where load  w a s  app l i ed  t h e  maximum scatter band 
was on t h e  order  of 0.0004. The thermal expansion cu rves  presented  i n  f i g u r e  14 
i l l u s t r a t e  a c h a r a c t e r i s t i c  "hump" between temperatures of 420 K and 500 K. The 
l o c a t i o n  of t h e  hump s h i f t s  t o  lower temperatures wi th  i n c r e a s i n g  a p p l i e d  load. 
Th i s  phenomenon may be a t t r i b u t e d  t o  t h e  compressive r e s i d u a l  thermal stresses 
i n  t h e  f i b e r s  as a r e s u l t  of t h e  d i f f e r e n c e s  i n  t h e  c o e f f i c i e n t s  of thermal 
expansion between �iber and matrix. 
Although e x p l i c i t  evidence cannot be provided, one hypothes is  of t h e  hump 
phenomenon is as follows: During t h e  cool-down phase of t h e  c u r e  cyc le ,  t h e  
mismatch i n  thermal expansion between f i b e r  and matrix produces a canpress ive  
r e s i d u a l  stress s ta te  i n  t h e  fibers. These compressive stresses i n c r e a s e  u n t i l  
a local f i b e r  i n s t a b i l i t y  occur s  which alters t h e  appa ren t  s t i f f n e s s  of t h e  
lamina te  and resu l t s  i n  a hump i n  t h e  thermal s t r a i n  curve. T h i s  hypothes is  
is c o n s i s t e n t  wi th  t h e  r e s u l t s  of f i b e r  microbuckling s t u d i e s  r e p o r t e d  i n  
-"--ences 12 and 13. 
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The free thermal expansion t es t  is t h e  r e v e r s e  process of the  cool-down 
procedure.  A s  t h e  specimen is heated, t h e  f i b e r s  t end  t o  be s t r a igh tened  by 
t h e  expansion of t h e  ma t r ix  material. Once t h e  f i b e r s  become s t r a i g h t e n e d  t h e  
ma t r ix  c o n t r i b u t i o n s  are n e g l i g i b l e  and t h e  o v e r a l l  expansion c h a r a c t e r i s t i c s  
are r e p r e s e n t a t i v e  of t he  f i b e r .  For t h e  case where a s t a t i c  load  is appl ied  
to  a specimen, t h e  l o a d  tends  to  p a r t i a l l y  s t r a i g h t e n  t h e  f i b e r s .  Upon hea t ing  
t h e  specimen, t he  hump occurs  a t  a lower temperature because t h e  f i b e r s  have 
been p a r t i a l l y  s t r a i g h t e n e d  by t h e  app l i ed  load.  
A s  depic ted  i n  f i g u r e  1 5  t h e  t r a n s v e r s e  thermal  expansion c h a r a c t e r i s t i c s  
were inves t iga t ed  using a u n i d i r e c t i o n a l  lamina te  wi th  f i b e r s  o r i e n t e d  a t  90° 
t o  t h e  d i r e c t i o n  of the  app l i ed  load .  Load appa ren t ly  had a lesser e f f e c t  on 
t h e  expansion c h a r a c t e r i s t i c s  than  was t h e  case i n  t h e  LO41 lamina tes .  One 
important f e a t u r e  was no t i ced  i n  t h a t  once load w a s  app l i ed  t o  t h e  specimen t h e  
magnitude of t h e  load  had l i t t l e  effect on t h e  thermal  expansion c h a r a c t e r i s t i c s  
of the  laminate.  
Based upon t h e  r e s u l t s  dep ic t ed  i n  f i g u r e  1 6  t h e  e f f e c t s  of shear  stress 
TI 2 on t h e  l o n g i t u d i n a l  thermal expansion, i n  t h e  f i b e r  d i r e c t i o n ,  was found 
to be n e g l i g i b l e  up to 500 K. A t  temperatures  above 500 K p l a s t i c i t y  e f f e c t s  
con t r ibu ted  t o  the  measured expansion of t h e  laminate .  D u e  t o  a l i m i t e d  number 
of specimens, r e p e t i t i v e  tests were not  performed; n e i t h e r  was t h e  app l i ed  load  
r eapp l i ed  a t  a lower l e v e l .  The v a l i d i t y  of t he  [+45Is lamina te  thermal expan­
s ion  c h a r a c t e r i s t i c s  is suspected i n  l i g h t  of t h e  p rev ious ly  mentioned plastic­
i t y  e f f e c t s  and resu l t s  from the  [0/901, and [90/-45/0/451s lamina tes  t h a t  are 
discussed here in .  Fur ther  d i scuss ion  of t h e  e f f e c t s  of shear  stress on a11 is 
provided subsequently.  
A s  shown i n  f i g u r e  17 ,  t e n s i l e  load produced a s i g n i f i c a n t  e f f e c t  on t h e  
thermal expansion of t he  [+301, laminate.  The experimental  s t r a i n  scatter was 
less than 0.0002, f o r  specimens tested with and without applied load.  The mag­
ni tude  of the  thermal expansion and t h e  o v e r a l l  shape of the  thermal s t r a i n  
curves  f o r  t he  [+3OIs laminate  are similar t o  those  f o r  t h e  io41 laminate .  The 
gene ra l  shape of the  thermal expansion curves was p r e d i c t a b l e  although t h e  
agreement between experiment and a n a l y s i s  was inadequate.  The measured thermal 
expansion of the  lamina te  under load  i s  g r e a t e r  than  t h a t  of t he  unloaded lami­
na te .  The c a l c u l a t i o n s  d e p i c t  t h e  oppos i t e  t r end ,  which could be a resu l t  of 
t h e  e f f e c t s  of shear stress on (311 and "22. I n  t h i s  a n a l y s i s  t he  e f f e c t s  
of shear  stress a l l  and "22 have been neglected.  
As depic ted  i n  f i g u r e  1 8  an applied l o a d  produced a moderate e f f e c t ,  about 
20  percent ,  on t h e  thermal expansion c h a r a c t e r i s t i c s  of a [+6OIs laminate .  A t  
temperatures below 400 K the  e f f e c t  of an app l i ed  load  was less  than 2 percent ,  
whereas above 400 K t h e  d i f f e r e n c e  increased  to  20 percent  a t  500 K .  The mea­
sured  f r e e  thermal expansion was g r e a t e r  than t h e  expansion measured under 
app l i ed  load .  This  behavior was similar t o  t h a t  exh ib i t ed  by t h e  [go41 lami­
na te .  Both of t h e s e  lamina tes  have matrix-dominant responses  with minimal 
shear  i n t e r a c t i o n .  A t  temperatures  below' 400 K good agreement, less than 
2 percent  d i f f e rence ,  between t h e  experiment and a n a l y s i s  was obtained.  A t  
higher temperatures  t h e  measured free thermal expansion curve w a s  no t  
pr e d i c t  able .  
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Cross-ply [O/9OIs and quas i - i so t rop ic  [90/-45/0/45Is l amina tes  were 
tested with and without an a p p l i e d  load. Both lamina tes  tested demonstrated 
t h a t  a s t a t i c  load had a s i g n i f i c a n t  e f f e c t  on t h e i r  thermal expansion behavior 
as i l l u s t r a t e d  i n  f i g u r e s  1 9  and 20.  The o v e r a l l  thermal expansion of t h e s e  
laminates  is  s i m i l a r  to  t h a t  of o ther  fiber-dominant laminates ,  such as the  
[O4] and [+30Is l amina tes .  The cross-ply and quasi-isotropic lamina tes  strain-
temperature curves have a c h a r a c t e r i s t i c s  hump s i m i l a r  t o  t h e  rO41 and [BO], 
laminates  a l though the  hump occurs  a t  a higher temperature  for t h e  cross-ply 
and quas i - i so t rop ic  laminates .  Th i s  d i f f e rence  is  suspected t o  be a r e s u l t  of 
t h e  matrix-dominant response of t h e  90° and 45O p l i e s .  These matrix-dominant 
plies reduce the  percent  of Oo plies which i n  e f f e c t  reduces t h e i r  con t r ibu t ion  
t o  t h e  o v e r a l l  behavior of t h e  laminate;  hence, t h e  c h a r a c t e r i s t i c s  of t h e  h m p  
are altered. Based upon t h e  r e s u l t s  of the [O41, [O/901s, and [90/-45/O/451s 
laminates ,  with decreasing pe rcen t  of Oo f i b e r s  t h e  hump s h i f t s  to  t h e  r i g h t ,  
t h a t  is, occurs  at higher temperatures.  
The thermal expansion curve  of t he  cross-ply lamina te  sub jec t ed  to an  
appl ied  load s h i f t e d  below t h e  free expansion curve analogous to t h e  response 
of t h e  [ 041 laminate .  The quas i - i so t rop ic  laminate  produced results similar 
t o  those  of the [+30Is laminate .  Th i s  v e r t i c a l  s h i f t  of the  thermal -s t ra in  
curve  is a t t r i b u t e d  t o  t h e  angle  pl ies  i n  the  [+30Is and quas i - i so t rop ic  
laminates .  
For both t h e  cross-ply and quas i - i so t rop ic  lamina tes  good agreement, d i f ­
fe rences  of less than 10 percen t ,  between experiment and a n a l y s i s  w a s  ob ta ined  
f o r  t h e  f r e e  thermal expansion tests. For the  app l i ed  load condi t ions ,  agree­
ment between experiment and a n a l y s i s  w a s  poor. Furthermore, i n  t he  case of the  
quas i - i so t rop ic  laminate ,  t h e  measured s h i f t  i n  t h e  expansion curves d u e  t o  load 
w a s  the oppos i t e  of t h a t  p red ic ted .  
Based upon lamina te  theo ry  t h e  f r e e  thermal expansion of [+45] [O/9OIs, 
and [ 90/-45/0/45], l amina tes  s h o u l d  be i d e n t i c a l .  C l o s e  agreement i n  measured 
f r e e  thermal expansion w a s  found f o r  t h e  ~ 0 / 9 0 I s  and [9O/-45/O/45Is l amina tes  
whi le  t h e  [+45], d i d  not  agree  although the  c+45Is and [O/9OIs l amina tes  were 
machined f r a n  t h e  same panel .  The measured thermal expansion of t h e  [t451s l a m i ­
n a t e  is suspected to  be i n  error and t h e  shear  stress e f f e c t s  on t h e  longi tudi ­
n a l  c o e f f i c i e n t  of thermal expansion a l l  may be more s i g n i f i c a n t  t han  t h e s e  
measurements would ind ica t e .  
I f  shear  stress has a s i g n i f i c a n t  e f f e c t  on a l l ,  then  t h e  i n c l u s i o n  of 
a n g l e  plies i n  fiber-dominant lamina tes  could a f f e c t  t he  thermal expansion 
t r ends .  An at tempt  w a s  made t o  inc lude  t h e  e f f e c t s  of shear  stress T I  on 
t h e  l o n g i t u d i n a l  thermal expansion all. B e c a u s e  t h e  data f o r  t h e  [+45fs l a m i ­
n a t e  were suspec t ,  d a t a  r e l a t i n g  shear  stress and a11 were generated such t h a t  
when incorpora ted  i n  t h e  a n a l y s i s ,  the  thermal expansion c h a r a c t e r i s t i c s  of the 
[+30] l amina te  sub jec t ed  t o  load  were p red ic t ab le .  The agreement between anal­
y s i s  and experiment f o r  t h e  quas i - i so t rop ic  lamina te  under load w a s  improved 
using these  data even though t h e  a n a l y s i s  p red ic t ed  a decrease i n  thermal 
expansion under load r a t h e r  than  t h e  inc rease  measured. Fur ther  tests t o  deter­
mine t h e  e f f e c t  of shea r  stress on al l  and a more s o p h i s t i c a t e d  a n a l y s i s  are 
probably r equ i r ed  t o  adequate ly  m o d e l  the  coupled behavior i n  lamina tes  with 
angle plies. 
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CDNCLUSIONS 
Based upon r e s u l t s  ob ta ined  i n  t h i s  s tudy  t h e  fo l lowing  conclus ions  can be 
drawn about  t h e  effects of applied load  on t h e  thermal expansion cha rac t e r i s ­
tics of Gr/PI canposite laminates .  
1 .  S t a t i c  t e n s i l e  load has an e f f e c t  on t h e  thermal  expansion cha rac t e r i s ­
tics of t h e  lamina tes  t e s t e d .  The magnitude of t h e  e f f e c t  is a func t ion  of t h e  
lamina te  o r i e n t a t i o n  and, i n  genera l ,  t he  magnitude of t he  appl ied  load. 
2. For t h e  lamina tes  t e s t e d ,  t he  lo41 l amina te  was most s t r o n g l y  a f f e c t e d  
by t h e  applied load.  F iber  i n s t a b i l i t y  induced dur ing  cool down from t h e  stress-
f r e e  cond i t ion  near t h e  cure temperature  may be a s i g n i f i c a n t  f a c t o r .  
3. The tes t  method used provided adequate  r e s o l u t i o n  f o r  dep ic t ing  t r ends  
with a reasonable  degree of scatter.  
4. Reasonable c o r r e l a t i o n  was obta ined  between experiment and a n a l y s i s ,  
based upon classical  lamina te  theory,  f o r  t h e  f r e e  thermal expansion tests. 
Poor c o r r e l a t i o n  was obta ined  f o r  t h e  app l i ed  load tests. A formulat ion t ak ing  
i n t o  account t h e  coupled material behavior i n  a more r igo rous  f a sh ion  may be 
b e n e f i c i a l  . 
5. Shear stress TI2 could have a s i g n i f i c a n t  e f f e c t  on t h e  l o n g i t u d i n a l  
thermal expansion c o e f f i c i e n t  c171 although t h e  magnitude of its e f f e c t  w a s  
not conclus ive ly  e s t ab l i shed .  Further  experimental  and a n a l y t i c a l  s t u d i e s  
are requi red  to  account f o r  shear  stress e f f e c t s .  
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TABLE 1 .-EXPERIMENTAL TEST MATRIX 
Specimen 
1 a P P  s t ress ,  MPa 
specimen 
layup 
1 [ 041 0 1 4  [go41 
2 o4I 0 1 5  Lt601 
3 [ o4I 287.0 1 6  [ t 6 0 1  
4 [ 041 287.0  1 7  Lt601 
5 [ o4I 403.0 1 8  [0/901 
6 [ o4I 403.0 1 9  [ 0/901 
7 [ 9041 0 20 [0/901 
8 [ 9041 0 21 [ + 3 0 l  s 
9 [ 9041 8 . 6  22 [+301 
1 0  [ 9041 8.6 23  [ 90/-4 5/0/4 51 
11 [ 9041 1 3 . 4  24 [90/-45/0/45I 
1 2  [ 9041 1 3 . 4  2 5  E go/-45/0/451 s 
Laminate Applied Laminate 
1 3  [ 9041 1 8 . 2  26 [*451 
-
Applied 
s t ress ,  MPa 
1 8 . 2  
0 
0, 1 6 . 2  
0 

0, 294 
0,  294 
0, 294 
0, 1 0 5  
0, 1 0 5  
0 ,  1 5 8  
0 
1 5 8  
0,  9.9 
1 2  
Figure 1.- Test specimens. L-79-4915.1 
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Figure 2.- Coefficient of thermal expansion of titanium silicate. 
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Figure 3.- Apparent thermal strain of strain gage. 
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Figure 4.- Test apparatus. 
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Figure 5.- I n t e r i o r  view of thermal chamber. 
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Figure 6.- Typical test specimen and bolted load introduction f ix ture .  
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Figure 7.- Heating profiles investigated to determine effects on apparent strain. 
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Figure 8.- Effec t  of heating p r o f i l e s  on longi tudinal  s t r a i n  of [god] 
Gr/PI specimen. ' 
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Figure 9.- Comparison of thermal strain measurements of 

titanium specimen. 
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Figure 1 1  .- [god] temperature-dependent s t r e s s - s t r a i n  curves of Gr/PI 
for determining E22 (U,T). 
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Figure 12.- [041 temperature-dependent t r a n s v e r s e a x i a l  s t r a i n  curves of 
Gr/PI for determining v12 (�,TI. 
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Figure 14.- Measured long i tud ina l  thermal s t r a i n  of [O,] Gr/PI  laminate 
as funct ion of temperature and stat ic  t e n s i l e  s t r e s s .  
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Figure 15.- Measured l o n g i t u d i n a l  thermal s t r a i n  of [go41 Gr/PI laminate 
a s  f u n c t i o n  of temperature and s t a t i c  t e n s i l e  s t r e s s .  
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Figure 16.- 	 Thermal s t r a i n  i n  f i b e r  d i r e c t i o n  i n  [+45], laminate as funct ion 
of temperature and appl ied  s t a t i c  shear s t r e s s  '12. 
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Figure 17.- Measured and calculated longi tudinal  thermal s t r a i n  of [ + 3 0 ] ,  
Gr/PI laminate as funct ion of temperature and stat ic  t e n s i l e  s t r e s s .  
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Figure 18.- Measured and ca lcu la ted  long i tud ina l  thermal s t r a i n  of [+6O], 
GrDI laminate as funct ion  of temperature and s t a t i c  t e n s i l e  s t r e s s .  
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Figure 19.- Measured and c a l c u l a t e d  long i tud ina l  thermal s t r a i n  of [0/90Is 
Gr/PI laminate as funct ion of temperature and stat ic  t e n s i l e  s t r e s s .  
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